Fluorescence (steady-state) anisotropy measurements of BTP incorporated in lipid membranes of DPPC, DOPE and Egg-PC indicate that this compound is deeply located in the lipid bilayer, feeling the difference between the rigid gel phase and fluid phases.
Introduction
Thienopyrroles are a very important class of biologically active compounds with antiviral [1] and anti-inflammatory properties [2] . Thienopyrroles have been widely used as sPLA2 inhibitors [3] , MCP-1 antagonists [4] and glycogen phosphorylase inhibitors [5] . This type of compounds has also been described as gonadotrophin releasing hormone antagonists [6] and as bioisosteric analogues of tryptamine derivatives [7] .
Due to their broad spectrum of biological activity, strong research efforts have been devoted to the synthesis of thienopyrroles and their derivatives [8] . The skeleton benzothieno [3,2-b] pyrrole had already been synthesized by Iddon et al. [9] but, as far as our knowledge, no biological activity data have been reported on this type of compounds.
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Recently, some of us have synthesized several fluorescent (benzo [b] thienyl)benzothienopyrroles [10] . One of these compounds, a methyl 3-(benzo [b] thien-2-yl)benzothieno [3,2-b] pyrrole-2-carboxylate (BTP) (Fig. 1 ) revealed promising antitumour properties, with a inhibitory activity of the in vitro growth of three human tumour cell lines, MCF-7 (breast adenocarcinoma), SF-268 (CNS cancer) and NCI-H460 (non-small cell lung cancer). The best anti-proliferative result was obtained for NCI-H460 cell line, with a very low GI 50 value (concentration needed for 50% of cell growth inhibition) around 3.9 M, as reported here.
These promising results suggested us to perform fluorescence studies of BTP incorporated in lipid membranes. The photophysical properties of BTP in solution and in lipid bilayers of neutral phospholipid components of biological membranes, DPPC (dipalmitoyl phosphatidylcholine), DOPE (dioleoyl phosphatidylethanolamine) and Egg-PC (egg yolk phosphatidylcholine) were studied. Fluorescence (steady-state) anisotropy measurements were also performed to obtain further information about the behaviour of BTP in lipid membranes. These studies are important, keeping in mind the incorporation of this compound in liposomes for controlled drug delivery systems. In fact, liposomes have been widely used to deliver anticancer agents, in order to reduce the toxic effects of the drugs when given alone or to increase the drug circulation time and effectiveness [11] .
Experimental

Materials and methods
All the solutions were prepared using spectroscopic grade solvents and ultrapure water (Milli-Q grade). 1,2-Dipalmitoyl-snglycero-3-phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and 1,2-diacyl-sn-glycero-3-phosphocholine from egg yolk (Egg-PC) were obtained from SigmaAldrich (lipid structures are shown below).
For DOPE and Egg-PC membranes preparation, defined volumes of stock solutions of lipid (26.9 mM for DOPE and 34.5 mM for Egg-PC) and BTP (0.2 mM) in ethanol were injected together, under vigorous stirring, to an aqueous buffer solution (10 mM Tris, 1 mM EDTA, pH 7.4), at room temperature. A similar procedure was adopted for DPPC vesicles, but the injection of the required amounts of stock solutions of lipid (50 mM) and BTP in ethanol was done at 60 • C, well above the melting transition temperature of DPPC (ca. 41 • C) [12] . In all cases, the final lipid concentration was 1 mM, with a BTP/lipid molar ratio of 1:500.
Spectroscopic measurements
Absorption spectra were recorded in a Shimadzu UV-3101PC UV-Vis-NIR spectrophotometer. Fluorescence measurements were performed using a Fluorolog 3 spectrofluorimeter, equipped with double monochromators in both excitation and emission, Glan-Thompson polarizers and a temperature controlled cuvette holder. Fluorescence spectra were corrected for the instrumental response of the system.
For fluorescence quantum yield determination, the solutions were previously bubbled for 20 min with ultrapure nitrogen. The fluorescence quantum yields (˚s) were determined using the standard method (Eq. (1)) [13, 14] . 9,10-Diphenylanthracene in ethanol was used as reference,˚r = 0.95 [15] :
where A is the absorbance at the excitation wavelength, F the integrated emission area and n the refraction index of the solvents used. Subscripts refer to the reference (r) or sample (s) compound. The absorbance value at excitation wavelength was always less than 0.1, in order to avoid inner filter effects. Solvatochromic shifts were described by the Lippert-Mataga equation (2), which relates the energy difference between absorption and emission maxima to the orientation polarizability [16, 17] :
where¯ abs is the wave number of maximum absorption,¯ fl is the wave number of maximum emission, = e -g is the difference in the dipole moment of solute molecule between excited ( e ) and ground ( g ) states, R is the cavity radius (considering the fluorophore a point dipole at the center of a spherical cavity immersed in the homogeneous solvent), and f is the orientation polarizability given by (Eq. (3)):
where ε is the static dielectric constant and n the refractive index of the solvent. The steady-state fluorescence anisotropy, r, is calculated by:
where I VV and I VH are the intensities of the emission spectra obtained with vertical and horizontal polarization, respectively 
Cell cultures
Three human tumour cell lines, MCF-7 (breast adenocarcinoma), SF-268 (glioma) and NCI-H460 (non-small cell lung cancer) were used. MCF-7 was obtained from the European Collection of Cell Cultures (ECACC, Salisbury, UK). SF-268 and NCI-H460 were kindly provided by the National Cancer Institute (NCI, Bethesda, USA). Cells were grown as monolayer and routinely maintained in RPMI-1640 medium supplemented with 5% heat inactivated FBS, 2 mM glutamine and antibiotics (penicillin 100 U/ml and streptomycin 100 g/ml), at 37 • C in a humidified atmosphere containing 5% CO 2 . Exponentially growing cells were obtained by plating 1.5 × 10 5 cells/ml for MCF-7 and SF-268 and 0.75 × 10 5 cells/ml for NCI-H460, followed by 24 h incubation. The effect of the vehicle solvent (DMSO) on the growth of these cell lines was evaluated in all the experiments by exposing untreated control cells to the maximum concentration (0.5%) of DMSO used in each assay.
Tumour cells growth assay
The effect of BTP on the in vitro growth of human tumour cell lines was evaluated according to the procedure adopted by the National Cancer Institute (NCI, USA) in the "In vitro Anticancer Drug Discovery Screen" that uses the protein-binding dye sulforhodamine B to assess cell growth [18] [19] . Briefly, exponentially cells growing in 96-well plates were exposed for 48 h to five serial concentrations of BTP, starting from a maximum concentration of 150 M. Following this exposure period, adherent cells were fixed, washed and stained. The bound stain was solubilized and the absorbance was measured at 492 nm in a plate reader (BioTek Instruments Inc., Powerwave XS, Winooski, USA). A dose-response curve was obtained and the growth inhibition of 50% (GI 50 ), corresponding to the concentration of BTP that inhibited 50% of the net cell growth was calculated as described elsewhere [19] . Doxorubicin used as a positive control was tested in the same manner.
Results and discussion
Antitumoral properties of BTP
The effect of the benzothienopyrrole BTP on the in vitro growth of three human tumour cell lines, MCF-7 (breast adenocarcinoma), SF-268 (CNS cancer) and NCI-H460 (non-small cell lung cancer), was evaluated after a continuous exposure of 48 h. Results given in concentrations that were able to cause 50% of cell growth inhibition (GI 50 ) are summarized in Table 1 .
It can be observed in Table 1 that BTP inhibited the growth of all the three human tumour cell lines, but it was significantly much more potent against the lung cancer NCI-H460 cell line, presenting a very low GI 50 value (3.9 ± 0.3 M). BTP presents GI 50 values lower or of the same magnitude of other compounds recently tested in the same tumour cell lines and also considered as potential antitumorals [20, 21] . The BTP different cell line response may reflect a possible tumour type-specific sensitivity of this compound which is very important for its potential use in the treatment of this type of tumour. Doxorubicin, used as positive control, presents a very high cytotoxicity because the planar aromatic part efficiently intercalates into DNA base pairs, while the six-membered daunosamine sugar binds to the minor groove, interacting with flanking base pairs adjacent to the intercalation site [22] . Nevertheless, doxorubicin presents also a high toxicity for the human body and the search for other antitumour compounds even less active but also less toxic is still an active domain of interest.
Photophysical properties of BTP in solution
The absorption and fluorescence properties of BTP were first studied in several solvents. The maximum absorption ( abs ) and emission ( em ) wavelengths, molar extinction coefficients and fluorescence quantum yields are presented in Table 2 .
In pyrrole and its derivatives, the heteronitrogen is singly bonded to carbon atoms in the heterocycle. The transitions involving the non-bonding electrons have properties similar to those of → * transitions, as the non-bonding orbital is perpendicular to the plane of the ring, which allows it to overlap the orbitals on the adjacent carbon atoms [23] . BTP compound also presents a carboxylate group and it is known that many carbonyl compounds exhibit low fluorescence quantum yields due to the low-lying n → * state. In BTP, it is possible that the electronic transitions → * and n → * can be nearby in energy, resulting in state-mixing [24] . A predominance of → * character could explain the high ε values (ε > 10 4 M −1 cm −1 ) and the very reasonable fluorescence quantum yields ( Table 2) .
The normalized fluorescence spectra of BTP are shown in Fig. 2 . Examples of absorption spectra are shown as inset.
A red shift can be observed from cyclohexane to more polar solvents, especially in fluorescence spectra. A complete loss of vibrational structure is also observed for the emission in polar solvents (Fig. 2) , which is usually related to an intramolecular charge transfer (ICT) mechanism and/or to specific solvent effects [16] . This behaviour was already observed by us for tetracyclic benzothiophene derivatives, a thieno-␦-carboline and a methoxylated benzothieno [2,3-c] quinolone, synthesized by our group [25, 26] .
The Lippert-Mataga plot (Eq. (2)) for BTP, shown in Fig. 3 , is reasonably linear in non-protic solvents, alcohols and chloroform exhibiting large positive deviations.
This behaviour in alcohols and chloroform can be attributed to specific solute-solvent interactions by hydrogen bonds. The formation of hydrogen bonds between chloroform and proton acceptors is known since a long time [28] . In fact, BTP has the capability of hydrogen bonding formation through the ester group (acceptor), the two S atoms (acceptors) and also the pyrrolic NH group (donor).
From ab initio molecular quantum chemistry calculations, the cavity radius (R) and ground state dipole moment ( g ) were determined, through an optimized structure provided by GAMESS software [29] , using a RHF/3-21G(d) basis set [30] (Fig. 4) . The BTP optimized geometry shows that the benzo [b] thienyl substituent of the molecule is almost perpendicular to the benzothienopyrrole system. A cavity radius of 7.9 Å and a ground state dipole moment of 1.24 D were obtained, allowing the estimation of an excited-state dipole moment of e = 7.38 D from the Lippert-Mataga plot. This e value points to the presence of an intramolecular charge transfer (ICT) mechanism occurring in the planar benzothienopyrrole moiety, although not very pronounced. Twisted intramolecular charge transfer states (TICT) usually exhibit significantly higher excitedstate dipole moments (≥20 D) [31] than the value obtained for BTP. Fig. 5 reports the representation of BTP HOMO and LUMO molecular orbitals. It can be observed that both molecular orbitals are localized on the benzothienopyrrole moiety and also on the methylester group. The HOMO-LUMO transition exhibits a charge transfer from the S atom of the benzothienopyrrole system to both the nitrogen and the OMe oxygen, confirming the ICT character of the excited state.
The benzo [b] thienyl substituent does not contribute to increase non-radiative deactivation pathways in BTP. This justifies the reasonable fluorescence quantum yields obtained (between 20% and 32%, Table 2 ), despite the presence of two S atoms in the molecule, which usually lead to the increase of singlet-triplet intersystem crossing by enhancement of spin-orbit coupling interaction [24] . The contribution of S atoms to decrease the fluorescence quantum yield is less important for BTP than for other analogues like benzothienoindoles with a dibenzothienyl substituent already synthesized and studied by us [32] .
Interaction of BTP with lipid membranes
Due to its promising antitumoral activity, photophysical studies of BTP incorporated in lipid bilayers were also performed. These studies are relevant to evaluate the interaction of the compound with lipid membranes. Assessment of the localization of BTP in lipid vesicles is also important, pointing to drug delivery applications using liposomes.
Different types of phospholipid molecules, DPPC, Egg-PC and DOPE, were used for vesicle preparation. At room temperature, DPPC (16:0 PC) is in the ordered gel phase, where the hydrocarbon chains are fully extended and closely packed. Above the melting transition temperature, T m = 41 • C [12] , DPPC attains the disordered liquid-crystalline phase. DOPE (18:1 PE) exhibits a very low melting transition temperature (T m = −16 • C [33] ) and presents a lamellar bilayer to inverse hexagonal (L ␣ -H II ) phase transition at 3.3 • C [34] . Egg-PC is a natural phospholipid mixture, where molecules have the same polar head group (phosphatidylcholine) and different hydrocarbon chains, differing in length and degree of unsaturation. Main components are 16:0 PC, 18:0 PC and 18:1 PC [35] . Therefore, at room temperature, Egg-PC is in the fluid liquid-crystalline phase. In DPPC vesicles at gel phase (25 • C), the emission spectrum of BTP is very similar in shape and position to those in cyclohexane and diethyl ether ( Fig. 6 and Table 3 ), indicating that BTP is located deeply inside the lipid bilayer. When DPPC is in the liquid-crystalline phase (at 55 • C), a structureless and red-shifted emission is observed, similar to the spectra obtained in dioxane and ethyl acetate. A decrease in emission intensity of about 25% is also detected.
In homogeneous solution, the effect of increasing temperature in the fluorescence of BTP is a 10% intensity reduction and a very small blue shift (ca. 1 nm). The inset of Fig. 6 shows BTP emission spectra in cyclohexane and ethanol at 25 and 55 • C, where it can be seen that the spectral shape is roughly the same at both temperatures.
The red shift and loss of vibrational structure of BTP emission in lipid membranes at fluid phases (DOPE and Egg-PC at 25 • C and DPPC at 55 • C) point to a higher penetration of water molecules in the vesicle bilayer, as lipid hydrocarbon chains are randomly oriented and fluid. However, it is also possible that in fluid phases BTP locates in a more polar environment, near the ester groups of the phospholipid molecules.
Fluorescence anisotropy measurements can give further information about BTP behaviour in lipid membranes. Steady-state anisotropy relates to both the excited-state lifetime and the rotational correlation time of the fluorophore [23] :
where r 0 is the fundamental anisotropy, is the excited-state lifetime and c is the rotational correlation time.
The fluorescence steady-state anisotropies and fluorescence quantum yields of BTP in lipid bilayers are shown in Table 3 . a Relative to 9,10-diphenylanthracene in ethanol (˚r = 0.95 [15] ). Error about 10%. Anisotropy and quantum yield values in ethylene glycol at room temperature were also determined for comparison. Fluorescence quantum yields are roughly similar in all lipid bilayers and in ethylene glycol at 25 • C, with a small decrease in Egg-PC. The Strickler-Berg equation [36] relates the radiative lifetime with the absorption intensity (Eq. (6)):
where r is the radiative lifetime, n is the refraction index, ε is the molar extinction coefficient, and F¯ (¯ F ) is the fluorescence intensity per unit wave number, which is related to the fluorescence quantum yield [23] (Eq. (7)):
Absorption spectra of BTP in the various lipid membranes at 25 • C (Fig. 7) are similar in the lowest energy absorption band. The Stickler-Berg relation (Eq. (6)) predicts an approximately constant value for the radiative lifetime in the three lipid membranes, considering the very small variations of the measured fluorescence quantum yields (Table 3) . The relation between the fluorescence quantum yield and the excited-state lifetime:
where k r = 1/ r is the rate constant for radiative deactivation with fluorescence emission, allows the conclusion that the excited-state lifetimes are approximately constant for the studied lipid systems at 25 • C. Therefore, variations in fluorescence anisotropy values at this temperature can be directly related to changes in the rotational correlation time of the fluorophore and, thus, to changes in the microviscosity of the surrounding medium of the fluorescent molecule. It can be observed that r values in DPPC at gel phase (25 • C) and in Egg-PC are higher than the one obtained in ethylene glycol, indicating that BTP is deeply located in the lipid bilayer. The steady-state anisotropy in Egg-PC is higher than expected, comparing all anisotropy values in lipid bilayers at fluid phases (Egg-PC, DOPE and DPPC at 55 • C). A similar behaviour in Egg-PC was already observed for indole-2-carboxylate derivatives, prepared by us, substituted in the 3-position with either a dibenzothiophene or a dibenzofuran [37] . The phospholipid DOPE, at room temperature, adopts the inverse hexagonal phase, where the lipid molecules can adopt inverse curvature at the interface, allowing the chains to expand and at the same time reduce the head group area at the interface [38] . The very low anisotropy value observed in DOPE (Table 3) reflects the different geometry of self-organized DOPE aggregates, through the mentioned chain expansion. The emission spectrum (Fig. 6) shows that BTP feels a similar environment in DOPE to that in Egg-PC and DPPC at the liquid-crystalline phase.
In DPPC at 55 • C, a significant fluorescence quenching (Table 3) is observed due to the increase of the non-radiative deactivation pathways at higher temperatures. According to Eq. (5), an increase of the steady-state anisotropy is predicted from a decrease of the excitedstate lifetime. BTP exhibits a significant decrease in anisotropy in DPPC at 55 • C ( Table 3) , showing that this molecule detects the phospholipid gel to liquid-crystalline phase transition and the associated decrease of microviscosity. The anisotropy value in the DPPC fluid phase is similar to the one in ethylene glycol at 25 • C, as observed in heteroaryl and heteroannulated indoles [37] . The results obtained in DPPC vesicles clearly indicate that BTP is located deeply in the lipid bilayer and that the red shift in emission at 55 • C may be due to the higher water penetration and not to a different localization of BTP in fluid phases.
Liposomes have been widely employed to deliver anticancer agents. Considering the BTP antitumoral activity and its preferential location near the phospholipid tails of lipid membranes, these studies are also important to drug delivery assays using liposomes.
Conclusions
The methyl 3-(benzo [b] thien-2-yl)benzothieno [3,2-b] pyrrole-2-carboxylate (BTP) interferes with the growth of different human tumour cell lines, exhibiting a stronger effect against the NCI-H460 lung cancer cell line.
This compound shows a solvent sensitive fluorescence emission and very reasonable fluorescence quantum yields (20-32%) in both polar and non-polar solvents. The estimated excited-state dipole moment (7.38 D) points to an ICT character of the excited state, confirmed by molecular quantum chemistry calculations.
Studies of incorporation in lipid bilayers revealed that BTP preferential location is near the hydrophobic lipid tails. Overall, these results point to a promising use of BTP as an antitumoral drug with the possibility of being transported in the hydrophobic region of liposomes.
